ABSTRACT | The ability of plasmonic structures to manipulate light well below the diffraction limit has enabled the miniaturization of a range of chipscale optoelectronic devices. Of the many emerging applications, the development of plasmon-enhanced photodetection schemes has witnessed particularly impressive progress. For such devices, the scaling behavior is very favorable, and some unavoidable, detrimental optical losses in the metals are often compensated by a substantially improved performance in terms of the electrical power consumption, speed of operation, and the possibility to achieve new functionalities with engineered metallic nanostructures. Plasmonics has also received tremendous interest in the photovoltaics field. Whereas application of dissipative metals in solar cells is challenging based on the current emphasis on very high efficiency cells, new opportunities are emerging in solar fuel generation and for the harvesting of hot carriers. Such devices can capitalize on the optical losses in metals or be used to increase the spectral bandwidth of operation.
I. INTRODUCTION
Over the last decade, the field of plasmonics has matured significantly and researchers have gained an appreciation for both the benefits and drawbacks of using nanometallic elements in optoelectronic device technologies. This is eminently true for plasmonenhanced photodetectors, which have reached a high level of sophistication and already found use in a range of important applications that include optical interconnection, photovoltaics, imaging, and sensing [1] . In this review we provide an analysis of the pros and cons of using nanometallic structures and evaluate why, how, and when it may make sense to use plasmonics for photodetection and energy harvesting. The review starts with an analysis of the strengths and weaknesses of plasmonics for use in detector technologies. Then, the possible choices of nanometallic elements for photodetector applications are discussed. After a subsequent discussion of the most important physical detection mechanisms, various detection schemes are analyzed in which extended metal structures and finite-sized optical antenna elements are used. We conclude with a brief summary and analysis of future directions for the field.
II. BENEFITS AND DRAWBACKS OF USING PLASMONICS
Whenever light is manipulated by metals, there are some inevitable optical losses that result from the electrical currents driven by incident photons [2] . This is unfortunate as one can typically not avoid the use of metals in devices as they play a critical role as electrical contacts. Based on this realization, one can elect to design the metallic structures to minimize these undesired losses. In most cases, however, one can do much better by accepting the presence of some optical losses and to capitalize on the unique optical properties of metals to increase the overall device performance and/or to obtain new functionality. To understand how this may be accomplished, it is critical to understand the attributes that metals have to offer.
One of the most notable benefits of nanometallic components is their ability to manipulate light below the diffraction limit [3] , [4] . This unique trait has been explored in a variety of optoelectronic devices that exhibit a large mismatch between critical optical and electronic length-scales [5] , [6] . This mismatch has led to particularly severe issues in scaling optoelectronic circuitry for information technology and in the development of thin film devices for solar energy harvesting [7] . For example, the stringent electronic power and speed requirements on photodetectors used in an optical link sets demanding limits on the size of these components [8] . Ideally, one would scale these detectors to the size of an electronic transistor ($10 nm) or in fact build optically controlled transistors. The fundamental laws of diffraction-that state that light waves cannot be focused beyond about half of a free space wavelength (typically a few hundred nanometers)-seems to indicate that an efficient coupling to such tiny devices is physically impossible. However, the concentrated fields provided by judiciously designed nanoscale metallic structures or "antennas" [9] can be utilized to improve upon certain performance parameters, such as the responsivity, speed, signal-to-noise ratio, and electrical power consumption.
A mismatch between electronic and optical lengthscales also appears in thin-film solar cells. Such cells are realized with the aim to reduce processing and materials costs compared with thicker, high-efficiency crystalline cells. The key reason for their relatively poor performance is that the absorption depth of light in the most popular, deposited semiconductors films used in these cells is significantly longer than the electronic (minority carrier) diffusion length (particularly for photon energies close to the bandgap). As a result, charge extraction from optically thick cells is challenging due to carrier recombination in the bulk of the semiconductor. Researchers have tried to solve the daunting challenges above by using metallic nanostructures to effectively trap and concentrate light in thin semiconductor layers [10] .
A second key strength of plasmonic structures lies in the possibility to engineer their optically resonant response in a very straightforward manner through modification of their size, geometry, and dielectric environment [11] , [12] . This can be utilized to enhance light concentration or trapping at a specific target wavelength or to achieve more broadband detection. The ability to control the spectral properties of the optical response results from the simple fact that differently shaped metal structures cause the incident light to drive different plasmon-currents to produce distinct displaced-charge distributions. As a result, the restoring force on the displaced charges and the associated resonance frequencies will also be different. The fact that very simple changes in the shape and size can result in dramatically different responses constitutes a tremendously powerful notion in the design of plasmonic functions. It not only affords control over the resonance frequency, it also opens the door to realizing valuable new functionalities, including the possibility to detect light with specific polarization [13] , [14] , angular [15] , [16] , and spectral [17] properties as well as unusual properties such as invisibility of a detector [18] .
Another benefit of using plasmonics in photodetection schemes is that metals can simultaneously perform electrical and optical functions. Properly designed metallic leads to a semiconductor-based photodetector can facilitate effective electrical charge extraction and at the same time concentrate light in an active semiconductor region [19] . In some cases, the metal structures can also be used to control the polarization properties of a detected optical signal. Finally, the metal's high thermal conductivity can facilitate effective heat dissipation or in other cases, metal structures can be used to enable local heating with light [20] , [21] for thermophotovoltaics [22] , [23] and infrared thermal detectors [24] - [26] . This type of multifunctionality facilitates dense integration of highly functional components.
III. ON THE CHOICE OF PLASMONIC ELEMENTS
Photodetection processes involve a number of consecutive steps. First, incident photons enter a detector material. In this material, they must be absorbed to create photoexcited carriers. Next, these carriers are separated and collected by electrical leads to produce a useful photocurrent. Each of these processes needs to be optimized to maximize the responsivity of a detector, which is given by the ratio of the photocurrent and the incident optical power. It is worth noting that the choice of metal can be important to all of the subprocesses; The metal can be used to concentrate light, it can absorb light to produce photocarriers [27] , it can be used to apply an electric field to separate carriers, and it can be used to conduct and extract current. As such, the design of the metal components of a detector element is nontrivial. Here, we will direct our attention primarily to the optical design considerations. In choosing the optimal plasmonic element, various tradeoffs may need to be made. For example, structures that offer a higher degree of light concentration often also exhibit higher optical losses. In this regard, it is useful to classify plasmonic structures into extended metallic waveguide elements and confined particle-or aperture-based systems. Examples of both types of structures will be discussed and their unique features are highlighted below. Fig. 1 illustrates how an extended metal wire or film supports surface plasmon polaritons (SPPs). SPPs are essentially electromagnetic waves that propagate along metal surfaces and are coupled to the free electrons in the metal [3] . Given that these guided waves feature a larger propagation constant than free space photons, prism coupling [28] , [29] or grating coupling [30] , [31] techniques are typically required for their efficient excitation. The fields of the SPP mode exhibit overlap with both the metal and semiconductor regions and carriers can be photoexcited and harvested from either material. In the metal, a hot electron or hole can be created that may be photoejected from the metal into the adjacent semiconductor [27] , [32] , [33] . This process is termed internal photoemission (IPE). Light absorption in the semiconductor can lead to the creation of electron-hole pairs that can be separated and harvested. These processes will be discussed in more detail in Section IV.
Subwavelength light-concentrating structures can also be used to interface free space beams or waveguided light to subwavelength detector regions, as shown in Fig. 1(b) and (c). To see the benefits of using metals for this purpose, one can start by considering a simple case where an optically thick slab of semiconductor material is illuminated by a plane wave. Photocarriers will be produced when the incident photon energy is above the bandgap. In this case, the light intensity inside the semiconductor decays exponentially with the traversed distance according to the well-known Lambert Beer law [10] . The rate of decay is determined by an intrinsic materials property known as the absorption coefficient. Weakly absorbing semiconductors exhibit a slow decay, and this means that thick films need to be used to absorb all of the incident photons. However, for many applications, it is essential to use thin films based on cost, fabrication, or performance related issues. As such, it would be desirable to artificially engineer the absorption coefficient or the related absorption depth at which the incident light intensity decreases to 1/e of its initial magnitude. Of course, one could choose a semiconductor with a shorter absorption depth at a target wavelength. However, sometimes scarcity of these materials, cost, or fabrication requirements may dictate which semiconductors can be used. Interestingly, one can also choose to improve the management of photons rather than the materials. The key to this approach is to efficiently couple free space photons to highly localized optical modes of subwavelength nanostructures that exhibit a more desirable field distribution than plane waves. As a result, more compact semiconductor volumes can be used to effectively absorb the incident light. A good choice for the nanostructures in terms of their size, shape, placement, and materials properties is essential to maximally enhance the light-matter interaction. Different types of metallic nanostructures can be used for this purpose. We provide examples of how both negative structures (slits) and positive ones (particles) can be used.
We start by discussing how a slit in a metallic film can efficiently concentrate electromagnetic energy into a nanoscale volume of absorbing material placed inside or right behind the slit. This gives rise to a phenomenon termed extraordinary optical absorption (EOA) [34] . After the first observation of extraordinary optical transmission (EOT) through subwavelength apertures in optically thick metal films [35] , there was an explosion of interest in the unusual properties of resonant [34] .) Distribution of the field energy density near a slit of 50-nm width in a 100-nm-thick aluminum film on a silicon substrate, which is top-illuminated by a ¼ 633 nm plane wave, polarized in the x-direction. (c) (Adapted from [39] .) Magnetic field distribution for a top-illuminated Ag nanoparticle placed on a thin Si film. The field distributions are normalized to the magnitudes for the incident plane wave.
plasmonic structures. The fundamental physics behind EOT is by now fairly well understood [36] . Fig. 1 (b) shows the energy density distribution for a specific example, where a 50-nm-wide slit in a 100-nm-thick Al film is top-illuminated with a 633-nm plane wave, which is polarized in the x-direction. A substantial concentration of electromagnetic energy is observed both laterally beyond the diffraction limit as well as into the semiconductor below the absorption depth ($3.5 m for Si at ¼ 633 nm). This energy concentration directly translates into an enhanced absorption per unit volume, which depends on the square of the local electric field. The enhanced energy density below the slit arises through the resonant excitation of a gap plasmon mode supported by the slit, which behaves as a truncated metal-dielectric-metal (MDM) plasmonic waveguide [37] , [38] . Truncation of such a waveguide results in strong reflections from the slit terminations and gives rise to resonant cavity behavior. An intuitive Fabry-Pérot model has been developed to predict the spectral shape of the cavity resonances and to quantify the associated local absorption enhancement and degree of spatial confinement of the electromagnetic energy [34] .
Finite-sized metallic structures can also enhance absorption in a thin semiconductor film by taking advantage of the high near-fields surrounding such objects. This point is illustrated in Fig. 1 (c), which shows a subwavelength Ag strip placed on a Si slab [39] . These strips can effectively concentrate light in their vicinity at frequencies near their surface plasmon resonance. This resonance frequency critically depends on the strip geometry and its dielectric environment [40] , [41] . Often a thin spacer layer is applied between the metal particles and the absorbing semiconductor layer as to avoid direct contact between the metal and absorbing semiconductor material; this can induce an undesired, strong damping of the surface plasmon resonance that is responsible for the enhanced light absorption [39] . Spacings of a few tens of nanometers between the particles and the semiconductor were found to be ideal to maximize absorption in the underlying semiconductor.
IV. PHYSICAL MECHANISMS FOR PHOTODETECTION
Photodetectors and solar energy harvesting devices have a long history. Becquerel constructed the first photovoltaic cell back in 1839. In 1883, Fritts demonstrated the first solid state photovoltaic (PV) cell by coating the semiconductor selenium with a thin layer of gold [42] . The first silicon-based PV cell featuring a pn-junction was realized at Bell Laboratories in 1954 and a power conversion efficiency of 6% was demonstrated. This work showed the benefits of photovoltaic and photodetector devices that rely on photo-excitation and the subsequent separation of electron-hole pairs. The great success of this approach was only lessened by the fact that photons with energies below the semiconductor band gap cannot be harvested. A convenient scheme that circumvents this challenge is aimed at harvesting the energy of photoelectrons ejected from a metal [43] . Stoletov built the first photoelectric cell based on this principle [44] . This led to the development of photodetectors capable of detecting electrons that are photoejected from a metal over either a Schottky [45] - [49] or oxide tunnel barrier [50] , [51] . The Schottky barrier detector with metallic contact provides a very natural opportunity for plasmon enhancement. If a noble metal is chosen to form a Schottky contact with an adjacent semiconductor material, it will naturally support surface plasmon excitations whose field distributions can be manipulated by patterning the metal. Whereas the optical design is conceptually simple, the electrical design is complicated by the fact that photoexcited charges need to traverse a metal/semiconductor interface in order to be harvested. This merits a more detailed look at the electronic device properties.
The band diagram in Fig. 2(a) illustrates how light absorption in a metal can produce hot electrons that can be emitted over a Schottky barrier to produce useful current [52] . Both noble metals as well as metal silicides have been used effectively for this purpose [53] . This type of detector has evolved for several decades and infrared photodetectors with responsivities as high as 0.25 A/W ( e $ 20%) for the free space wavelength of 1.5 m have been reported at liquid nitrogen temperatures [54] . Lower barriers afford higher quantum efficiencies but give rise to an increased dark current so that operation at cryogenic temperatures is required. Several routes have been explored to achieve high quantum efficiencies and low noise operation at room temperature. One set of approaches tries to overcome the challenge of the poor light absorption in the highly reflective metal layers used in conventional detectors. Here, metal-clad optical waveguides were designed to increase the interaction lengths of light with the metal [55] , [56] and metal tapers [57] and optical antennas [52] , [58] , [59] were designed to effectively concentrate and absorb light near a metal-semiconductor interface. Optical antennas also offer the opportunity to tune the spectral response of the detectors to enhance performance at a target frequency [52] , [60] , [61] .
One of the key challenges in achieving high efficiencies is related to the effective collection of the excited hot electrons. First attempts to quantify the current from photo-ejected electrons were made by Fowler [62] and Spicer [63] , [64] . Spicer intuitively described the internal photo-emission process from a metal film as proceeding via a series of three consecutive steps, as shown in Fig. 2(a) . In step 1), hot electrons are generated in the metal through the absorption of a photon. In this process electrons are lifted from states below the Fermi level E F by the pertinent photon energy h. In step 2), some of the generated hot electrons will move in the direction of the metal/oxide interface. For a firstorder estimate of the efficiencies, it is often assumed that the generated hot electrons behave as free electrons and that their initial momentum distribution is isotropic. The latter appears as a reasonable initial assumption based on the large mismatch between the wave-vectors of the light/surface plasmon and the generated hot carrier [65] - [67] . While such an analysis may be relevant for semi-infinite planar interfaces, it cannot be straightforwardly extended to nanostructured interfaces or finite-sized nanoparticles. For such systems, the hot carriers are not free particles but bound to the nanostructure. Momentum conservation does not apply, and a more rigorous treatment accounting for the electron dispersion in the metal could improve the accuracy of the predictions made in this work. Regardless, only some of the hot carriers will make it to the interface without losing energy in inelastic collisions. An estimate of this fraction is provided by the mean free path of the electrons. Experiments have demonstrated that the electron mean free path in metals and semiconductors is quite short (about 1-100 nm) and for such materials this quantity follows a more-or-less universal dependence on the energy above the Fermi level [68] . The hot electrons arriving at the metal/semiconductor interface with a kinetic energy exceeding the barrier È B of the semiconductor will have a certain probability to be injected into/ across the barrier (step 3). A necessary condition for transition across the barrier is that the kinetic energy of the hot electron in the metal has to exceed the barrier energy. The electrons that have sufficient energy can still be reflected at the interface. This follows from the requirement that the electrons have to conserve their energy, and in the case of a planar interface separating two identical materials-their momentum tangential to the metal/ barrier interface upon transmission through the barrier [47] , [69] - [71] . An analogous requirement for photons transitioning from a high-index to a low-index material can lead to reflection and even total internal reflection. This point can be understood by analyzing the constant energy contour that connects all of the possible terminations of the allowed electron momenta at a given kinetic energy
i;y Þ, where " h is Planck's constant, m Ã e and k i;x and k i;y are the hot electron momenta in either the metal ði ¼ mÞ or barrier ði ¼ bÞ in the x and y directions, respectively. For free electron materials, these contours are circles as depicted in Fig. 2(b) . The high Fermi level of common metals and the bandoffset with the barrier material result in a very large difference in size of the two circles. This restricts the momenta of the hot electrons that can escape to a solid angle beyond which total internal reflection occurs. Electrons within that solid angle can experience significant reflection as a result of the large wave-vector contrast (i.e., impedance mismatch) between electrons in the metal contact and barrier [60] , [71] , [72] . Addressing the interfacial scattering challenge is of the utmost importance and engineering of interfaces and nanostructure shapes can provide major increases in photocurrent [73] , [74] .
The physics that dictates the transmission across metal-semiconductor interfaces leads to a characteristic dependence of the photoresponse on the photon energy, as pointed out by Fowler [75] . His theory predicted that the external quantum efficiency e for photo-ejection of electrons scales as e / ðh À WÞ 2 when the incident Fig. 2(c) shows such behavior for a plasmon-enhanced metaloxide-metal (MOM) detector [60] . Research on this type of geometry can be traced back to the 1970s when thin-film, integrated MOM-junctions were developed as detector elements operating in the THz and mid-infrared [50] , [51] . Spectra are shown for several bias voltages in the range from À0.4 V to þ0.4 V. The square root of the responsivity was plotted as a function of the incident photon energy to analyze Fowler's theory. In the data, we see that for each applied bias, the responsivity shows a clear onset and a more-or-less linear increase with photon energy above the onset. This current is expected to turn on when the incident photons have a sufficient energy to lift some of the conduction electrons above the highest point in the oxide barrier. For positive bias voltages, this condition can be expressed mathematically as E ph 9 ' B þ eV. When this condition is satisfied, the hottest electrons that are excited from just below the Fermi level in the metal will have sufficient energy to make it over the oxide barrier (without a need to tunnel). For the symmetric Au/Al 2 O 3 /Au junction under consideration, the barrier height is expected to be equal to the difference in the work function for Au ðW Au ¼ 5.2 eVÞ and the electron affinity of nanocrystalline Al 2 O 3 grown by ALD ð Al2O3 ¼ 2.6 eVÞ [76] , [77] , i.e., ' B ¼ 2:6 eV. At zero bias (flat band), the onset photon energy is thus expected to be 2.6 eV, as seen in the plot. For a negative bias, the highest point in the barrier remains the same and as a result the onset energy does not change. For positive biases, the highest point in barrier and thus the onset energy moves up linearly with voltage (1 eV per 1 V applied). Recently, it was demonstrated how the voltage-tunable onset in photocurrent generation with applied bias can be used to analyze the spectral content of an incident optical signal without the need for a dispersive optical element [78] .
V. DETECTORS EMPLOYING EXTENDED METAL STRUCTURES
Early photoemission studies on metallic films already revealed the importance of plasmon resonances to enhance light absorption in the near-surface region of the metal and thereby to enhance the photoemission of electrons [79] , [80] . Fig. 3(a) shows the results from an experimental study by Sipe on the photoemission from an Ag film coated with a 5-nm-thick photocathode of Cs 3 Sb. For p-polarized light illumination through glass, a transverse magnetic (TM) SPP can be excited at the Ag/photocathode interface. This occurs for a narrow range of illumination angles, where the incident light beam is phase matched to the SPPs propagating along the metal surface. For these angles, a peak is observed in the photoyield as the SPP assists in concentrating the field in the photocathode material. For s-polarization, the overall yield is significantly lower, and no sharp features are observed. A kink in the s photoyield occurs at the exact angle where the fields become evanescent in the vacuum above the cathode. Prism coupling has also been used to excite SPPs on metal films that are part of photodetectors. Here, measurements of the angular dependence of the photocurrent have demonstrated the importance of SPPs to enhance the photocurrent [81] . This strategy has been used to both enhance electronhole pair generation in semiconductors adjacent to a metal film [81] , [82] and for the enhancement internal photoemission to realized subbandgap photodetectors [83] , [84] . An alternative approach to facilitate SPP excitation on metal films is by patterning gratings. Fig. 3(b) shows how a sinusoidal grating with a period Ã can provide additional momentum [85] . The 35-nm-thick Al layer is comparable to the skin depth at the excitation wavelength of 646 nm and thus sufficiently thin to allow the excited SPPs to produce electron-hole pairs in the Si layer underneath the grating. As with prisms, gratings have also been used to realize subbandgap IPE detectors [86] . Such structures also facilitate a convenient separation and detection of light of certain target wavelengths, states of polarization, incident angle, or other beam properties [13] , [17] , [85] - [87] .
The metallic contacts to Schottky detectors have also been fashioned into stripe SPP waveguides. Fig. 3(c) shows a cross-sectional SEM image of such a device with an Al stripe on an n-type Si substrate [88] . The Al stripe supports a propagating SPP mode at the metal/ semiconductor interface that features a high attenuation of 1.204 dB/m, facilitating a compact detector of just 35 m in length. A responsivity of 1.04 mA/W at 0 ¼ 1280 nm was measured with a dark current of 6 A. This detector geometry can be realized for a wide range of operating frequencies and is easily integrated with other Si photonics components. In this geometry, the application of a large reverse bias, near breakdown, was shown to result in order-of-magnitude increase in responsivity. The benefits of a symmetric environment was also shown for a CoSi 2 stripe buried in its entirety in p-Si to form a Schottky contact around its periphery [55] . For such detectors responsivities up to 100 mA/W were predicted as generated hot carriers emitted in any direction can effectively be collected. Having a very thin stripe compared to the hot carrier mean free path also enhances the escape probability [89] .
VI. DETECTORS WITH OPTICAL ANTENNAS
Many important performance characteristics of photodetectors are directly linked to the physical dimensions of the device. In semiconductor detectors, the lateral dimensions are constraint by the diffraction limit and in the vertical dimension by the finite absorption depth. A reduction in the detector size below these limits would result in increased speed, reduced noise, and lowered power consumption. The speed of a detector is generally limited either by a carrier-transit time (the time it takes photo-generated carriers to transit the detector's intrinsic region), or its RC time constant (the time required to charge the devices' effective capacitance). While the carrier transit time scales with the length of the device, the RC time-constant, and power consumption are all proportional to device capacitance and thus scale roughly with device area. As a result, the development of plasmonic antennas was considered a possible game-changing technology for photodetector applications in optical interconnection and imaging. Such structures could for the first time bridge the gap between the world of nanoscale electronics and microscale dielectric photonics [5] , [9] . The ability of antennas to manipulate and select light with specific spectral, polarization, and angular properties also opened up new functionalities. In many case these benefits outweigh the detrimental impact of some optical losses in the metal.
To achieve projected integrated circuit operating speeds of 40 GHz, a 50-RC-limited device requires a capacitance less than $0.1 pF. An even lower limit on device capacitance of about 10 fF arises from constraints on power consumption [8] , which scales with operation frequency f as $ 0:5f CV 2 . The requirements on highspeed and low-power necessitate ever shrinking device dimensions. As plasmonic structures can concentrate light both laterally and in the depth of a semiconductor material [34] , they are ideally suited for this task. The ability of resonant plasmonic structures to efficiently concentrate light into a deep sub-wavelength detector region was demonstrated in pioneering work by Ishi and co-workers, who utilized a 10-m-diameter concentric grating coupler to funnel SPPs towards a central Si photodetector [90] . The coupler improved the detector's photoresponse by more than a factor of 20 and its miniscule size resulted in a very fast response time (20 ps, full width at half-maximum) and a low capacitance (G 15 fF). Judiciously shaped holes in metal films [34] , [91] have been utilized to direct light into small detector volumes. In some cases, they have been flanked by gratings to capture light from areas that are many wavelengths in size [25] , [92] - [94] .
An alternative plasmon-enhanced detector with an even smaller physical extent was demonstrated more recently by Balram and coworkers [95] . This device consists of a deep sub-wavelength volume of germanium embedded in the arms of a sleeve-dipole antenna designed to be resonant in the near infrared (1310 nm) as shown in Fig. 4(a) . Resonant antenna effects were observed by measuring the photoresponse for light polarized parallel and perpendicular to the dipole antenna, with an observed polarization contrast ratio up to 20. The small total footprint of this device and its record-low active semiconductor volume of 10 À4 3 naturally lend themselves to dense integration. Antenna structures in the form of subwavelength holes and arrays thereof have also been used for image sensing and cameras. Here, the arrays are essentially used to filter specific wavelengths or polarization states of light [96] - [99] . In some cases the holes were spaced at wavelength-scale distances, in which instance the transmission properties were largely determined by the spacing. Fig. 4(b) shows a schematic of a subwavelength hole array serving as plasmonic color filters designed for a state-of-the-art Si CMOS image sensor with pixel sizes as small as $ 1 Â 1 m 2 . The hole arrays consist of hexagonally packed subwavelength sized holes in a 150-nm Al film. These were designed to filter the primary colors of red, green, and blue. Such hole-arrays show a peak transmission in the 40%-50% range for larger ð5 Â 5 m 2 Þ pixels. It was found that the hole geometry and nearest neighbor hole-hole interactions where most important for the spectral transmission properties rather than longrange order.
Plasmonic elements have also been used to determine the polarization state of optical beams. The use of plasmonic crystals [100] and metasurfaces [101] , [102] for free-space polarimetric systems were demonstrated. It has also been shown that plasmonic polarimetry functions can be integrated with a Si-based photodetector [13] . Such an integrated plasmonic polarimeter enables an accurate measurement of the complete state of polarization of light. Whereas conventional polarimetry approaches rely on the use of large optical components such as rotating polarizers and retardation wave plates, plasmonics can be used to realize a very compact integrated platform that can achieve the same functions. Fig. 4(c) shows a schematic diagram of a fabricated plasmonic polarimeter that consists of six, differently-shaped plasmonic groove/ slit structures patterned into an Au film atop of a Si-based Schottky detector. The transmission of light through these structures is different for different polarization states of the incident light. Whereas the linear slits serve as polarization filters for linearly polarized light, the two spiral structures serve to select left and right circularly polarized light. When light is transmitted through an aperture, it is absorbed in the semiconductor region and produces electron-hole pairs that can be separated to produce photocurrent. With this device, it is possible to quantify all four Stokes parameters through six simple photocurrent measurements.
VII. PLASMONICS FOR PHOTOVOLTAICS
Photovoltaic (PV) devices can effectively convert sunlight into clean electrical power and could provide a virtually unlimited amount of energy to our world. Whereas crystalline Si (c-Si) solar cells [103] with thicknesses between 150-300 m have dominated the market for decades, and very high-efficiency ($27% for concentrated cells) cells of this material have been realized. In order to expedite the large-scale implementation of PV technology, tremendous amounts of research has been devoted to reduce materials usage and the production cost of modules. Thin-film cells from a variety of semiconductor materials may provide a viable pathway towards this (c) (Adapted from [13] .) Schematic diagram of the proposed plasmonic polarimeter that consists of six, differently shaped plasmonic slits patterned into an Au film on top of a Si-based Schottky detector. Photocurrent measurements on different plasmonic structures enable a direct determination of the state of polarization of an incident light beam. Inset shows an SEM image of a fabricated spiral groove structures surrounding a highly transmissive coaxial aperture in its center.
goal. For such thin cells effective photon management is a must to realize ultrahigh efficiency at low cost, the ultimate solution for the PV industry. What has become clear is that the conventional macroscopic surface textures commonly applied on thick crystalline cells are not wellsuited for thin devices. Here, the implementation of nanostructured light trapping layers is proving to be more effective [104] . Based on their strong light concentration and scattering properties, light trapping layers employing metallic nanostructures have gained significant attention over the last decade [7] and their beneficial impact on realistic cell designs has been experimentally demonstrated [105] - [107] Fig. 5(a) shows that finite-sized metallic nanostructures can enhance absorption in a thin semiconductor film [39] . It illustrates how the net overall absorption in a thin Si film can be enhanced by simultaneously taking advantage of: 1) the high near-fields surrounding the nanostructures close to their surface plasmon resonance frequency and 2) the effective coupling to transverse electric (TE) and transverse magnetic (TM) waveguide modes supported by the Si film through an optimization of the array properties. The inset to Fig. 5(a) shows a schematic of the considered geometry consisting of a periodic array of Ag strips on a silica-coated, thin Si film supported by a silica substrate. The metal strip geometry was chosen because of its simple cross-sectional shape, which is described by just two parameters (thickness and width). These strips can effectively concentrate light in their vicinity at frequencies near their surface plasmon resonance. This resonance frequency critically depends on the strip geometry and its dielectric environment. In optimizing the strip geometry, it was realized that deep subwavelength particles cause relatively strong absorption in the metal [2] and that larger particles afford better light concentration and trapping in the semiconductor layer [108] . Both particles on top and inside the semiconductor material have been pursued and shown to be effective in enhancing different spectral ranges [109] . The number of allowed waveguide modes and their dispersion is determined by the thickness of the Si layer and this important parameter should be chosen carefully. Optimum coupling results when the reciprocal lattice vector of the Ag strip-array (grating) is matched to the k-vector of a waveguide mode supported by the Si slab. In the waveoptics domain, one needs to start with this type of modal analysis of the electromagnetic modes of a solar cell to optimize efficiency [110] , [111] . From such an analysis the benefits of nonperiodic particle arrangements to achieve broadband enhancements are clear and were experimentally demonstrated [112] .
Given the recent emphasis on ultrahigh-efficiency crystalline cells [113] , research on plasmonic solar cells has lost some momentum after the initial hype. In its place, research on using plasmonics for solar fuel generation has increased as many scalable photoelectrode materials [114] - [118] exhibit poor charge transport and in some case plasmonics can enable new reaction pathways [119] , [120] . Using various examples [106] , [121] , it was also pointed out that the metal contacts to thin cells should be patterned to preferentially enhance the coupling to photonic modes to avoid losses in the metal. Fig. 5(b) illustrates this opportunity where a judiciously designed Ag ridge is shown to effectively couple to a Si slab mode as opposed to an SPP mode supported by the Ag substrate [121] .
VIII. WAVEGUIDE-COUPLED DETECTORS
The work on SPP waveguide detectors with metal stripes placed on top of or surrounded by a semiconductor material, as shown in Fig. 3(c) , has stimulated further research where nanometallic detectors are coupled to the end of a semiconductor or metallic waveguide. The metal in such detectors can serve to extract photocurrent and also to concentrate light in the absorbing material to cause highly localized photocarrier generation. These detectors can find use for on-and off-chip communication [8] and quantum optics [122] applications. Fig. 6(a) shows how a Schottky photodetector was created at the termination of a Si waveguide [123] . This was accomplished in a self-aligned process in which local-oxidation of silicon (LOCOS) was used to define the Si waveguide and to align the placement of the metallic contact. A responsivity of 0.25 mA/W was achieved with this approach at the important communications wavelength of 1.55 m. In a subsequent realization, the responsivity was increased to 12.5 mA/W by creating detectors that featured some roughness at the metal/semiconductor interface [73] . This can enhance the internal emission of hot carriers from the metal into the adjacent semiconductor material [70] , [71] . Fig. 6(b) shows how a metallic nanowire can guide SPPs to a Ge semiconductor nanowire photodetector arranged in a crossbar geometry. This is visualized by a photocurrent map overlaid on an SEM image of the device. The highly confined SPP mode of the Ag wire effectively causes creation of electron-hole pairs in the semiconductor wire which affords lateral extraction of the photocurrent. The internal quantum efficiency of 10% was quoted for the detector at zero bias. Later work on this device geometry demonstrated the possibility to detect the emission from a single quantum dot coupled to the silver nanowire [124] . It illustrated the benefits of plasmonic waveguides to effectively couple to nanoscale emitter [125] and detector regions. Together with advances in single photon/SPP transistors [126] , [127] quantum plasmonic circuits have been brought significantly closer. Fig. 6(c) shows another possible geometry where a highly confined metal-insulator-metal (MIM) gap plasmon waveguide [128] , [129] can transport light to a Schottky barrier detector formed by a gold-GaAs contact [130] . In-plane slotguides have also been used and it was shown that light at a wavelength of 850 nm can be routed around sharp corners by a guide with a cross-sectional area of 2 =100 to a thin film Si detector [131] .
IX. SUMMARY AND FUTURE DIRECTIONS
From the examples provided in this review, it is hopefully clear that tremendous progress has been made in the field plasmonic photodetectors and energy-harvesting devices. To this date, a large number of groups are working actively on these topics. This is an area where plasmonics has delivered on its promise to realize high performance devices that compete well with other technologies. As high-responsivity devices can be realized, the emphasis has been shifted to realizing new functionalities, including the development of photodetectors with spectral, polarization, and angular control. The combination of plasmonics with new materials, such as superconductors [132] and 2-D materials [133] is actively pursued. The recent realization that deep-subwavelength semiconductor nanostructures also offer optical resonances that can be exploited in photodetection [134] and solar energy harvesting [135] may provide interesting metal/ semiconductor hybrid structures that offer new functionalities not attained in either one individually. It is clear that there are many exciting opportunities for many years to come. The metals of the waveguide also serve as the electrical contacts to the detector.
